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Purpose: Owing to the close relationship between mast cells and cancer progression, an imaging technique that 
can be applied in a clinical setting to explore the biological behavior of mast cells in the tumor microenvironment 
is needed. In this study, we visualized mast cell migration to lung tumor lesions in live mice using sodium iodide 
symporter (NIS) as a nuclear medicine reporter gene. 
Experimental design: The murine mast cell line MC-9 was infected with retrovirus including NIS, luciferase (as a 
surrogate marker for NIS), and Thy1.1 to generate MC-9/NFT cells. Radioiodine uptake was measured in MC-9/ 
NFT cells, and an inhibition assay of radioiodine uptake using KCLO4 was also performed. Cell proliferation and 
FcεRI expression was examined in MC-9 and MC-9/NFT cells. The effect of mast cell-conditioned media (CM) on 
the proliferation of Lewis lung cancer (LLC) cells was examined. The migration level of MC-9/NFT cells was 
confirmed in the presence of serum-free media (SFM) and CM of cancer cells. After intravenous injection of MC- 
9/NFT cells into mice with an LLC tumor, I-124 PET/CT and biodistribution analysis was performed. 
Results: MC-9/NFT cells exhibited higher radioiodine avidity compared to parental MC-9 cells; this increased 
radioiodine avidity in MC-9/NFT cells was reduced to basal level by KCLO4. Levels of FcεRI expression and cell 
proliferation were not different in parental MC-9 cell and MC-9/ NFT cells. The CM of MC-9/NFT cells increased 
cancer cell proliferation relative to that of the SFM. The migration level of MC-9/NFT cells was higher in the CM 
than the SFM of LLC cells. PET/CT imaging with I-124 clearly showed infiltration of reporter mast cells in lung 
tumor at 24 h after transfer, which was consistent with the findings of the biodistribution examination. 
Conclusion: These findings suggest that the sodium iodide symporter can serve as a reliable nuclear medicine 
reporter gene for non-invasively imaging the biological activity of mast cells in mice with lung tumors. Visu-
alizing mast cells in the tumor microenvironment via a nuclear medicine reporter gene would provide valuable 
insights into their biological functions.   

Introduction 

Mast cells (MCs) are predominantly present in lesion areas with 
environment contact, which include the mucous membranes, airways, 

skin, and intestines [1]. They act as important immune cells in various 
inflammatory reactions such as anaphylaxis, asthma, and atopic 
dermatitis. Recently, several studies have shown that MCs infiltrate 
cancer lesions through chemokine gradients, thereby promoting cancer 
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cell proliferation [2–6]. Based on these reasons, many researchers have 
explored the biological role of mast cells in tumor micro-environment to 
develop new agents that can effectively modulate the mast cell 
involvement. However, deciphering their involvement in tumor pro-
gression in complex biological systems in vivo via traditional methods, 
including immunohistology, flow cytometry, and western blotting 
analysis, is difficult. Therefore, a noninvasive approach should be 
adopted to determine the biological implications of mast cells in 
tumor-bearing hosts. 

Molecular imaging using reporter genes has been applied to non-
invasively and sensitively track various cells, including neuronal cells, 
cancer cells, and immune effector cells in living organisms [7–9]. Among 
the various reporter genes, the sodium iodide symporter has been 
identified as an attractive nuclear medicine reporter gene with the po-
tential to be translated into clinical situations [10]. Several studies have 
demonstrated the effectiveness of NIS reporter gene imaging for the 
visualization of various immune cells, such as lymphocytes, macro-
phages, and dendritic cells, via positron emission tomography and single 
photon emission computed tomography in combination with computed 
tomography [11–16]. Although the potential of the NIS reporter gene as 

an immune cell tracker has been described, no reports have demon-
strated the feasibility of NIS reporter-mediated imaging for monitoring 
the migration of mast cells to various diseases, such as cancer, inflam-
mation, and metabolic syndrome. 

Herein, we attempted to explore the feasibility of NIS reporter gene 
imaging for visualizing the migration of mast cell into lung tumor lesions 
in living mice. MC-9 cells were established using a retroviral system to 
simultaneously express NIS, luciferase, and Thy1.1. We evaluated the 
effects of the NIS reporter gene expression on mast cell function by 
analyzing cell proliferation and phenotypic marker expression. Finally, 
PET/CT imaging with an I-124 PET radiotracer as an NIS substrate was 
performed to assess the migration of infused reporter mast cells to lung 
tumor lesions in living mice. 

Materials and methods 

Detailed information regarding materials and methods has been 
described in supporting information. 

Fig. 1. Establishment of the mast cells expressing NIS gene. (A) Animation showing MC-9 cells co-expressing NIS, luc2, and Thy1.1 genes called as a MC-9/NFT cells. 
(B) FACS analysis of MC-9/NFT cells. Cells were stained with either anti-Thy1.1 or isotype antibodies. (gray): isotype control, (blue) anti-Thy1.1 antibody-labeled 
cells. (C) Radioiodine uptake in MC-9 and MC-9/NFT cells and inhibition study with KCLO4. (D) In vitro BLI of MC-9/NFT cells according to cell number. (E) 
Quantification of bioluminescent signals in panel (D). (F) Western blotting showing the expression of NIS and luciferase protein in MC-9/NFT cells. (G) Gamma 
camera imaging with Tc-99m in mice that received MC-9/NFT cells and MC-9 at right and left paw, respectively. Experiments were performed at least in triplicate 
and values indicate the mean ± SD. 
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Results 

Establishment of reporter mast cells co-expressing NIS and firefly luciferase 
genes 

MC-9 cells were infected with retrovirus co-expressing NIS, effluc, 
and Thy1.1 [17]. Subsequently, Thy1.1-expressing cells referred to as 
MC-9/NFT cells were sorted using previously reported methods [17]. 
(Fig. 1A). As shown in Fig. 1B, MC-9/NFT cells indicated high expression 
of Thy1.1, representing NIS and efflux genes, as determined by FACS 

analysis. As illustrated in Fig. 1C, level of iodide uptake was consider-
ably higher in MC-9/NFT cells than in parental MC-9 cells. Increased 
radioiodine avidity in MC-9/NFT cells were reduced to basal levels by 
KCLO4 treatment as a selective inhibitor for NIS. Consistently, the 
luciferase assay showed an increase in bioluminescent signals in a cell 
number-dependent manner (Fig. 1D and E). Western blotting analysis 
with anti-NIS and luciferase Abs revealed the expression of NIS and 
luciferase proteins in MC-9/NFT cells but not in parental MC-9 cells 
(Fig. 1F). After subcutaneous injection of parental MC-9 cells and 
MC-9/NFT into respective paws of mice, a gamma camera with Tc-99m 
as the NIS-selective tracer was used. The gamma camera imaging 
detected high uptake of Tc-99m in the MC-9/NFT-injected paws but not 
in the MC-9 cell-injected paws (Fig. 1G). 

Effects of NIS gene expression on the function of mast cells 

We examined whether the introduction of a reporter gene affects the 
biological functions of mast cells, such as cell proliferation and pheno-
typic marker expression. As depicted in Fig. 2A, cell proliferation did not 
differ between parental MC-9 cells and MC-9/NFT cells. Because MC-9 
cells express the FcεRI as a unique phenotype marker of mast cells, we 
examined its expression level in parental MC-9 cells and MC-9/NFT 
cells. FACS analysis showed high expression of FcεRI in both cells 
(Fig. 2B). However, we did not observe a significant difference of its 
expression in two groups. 

Mast cell-mediated increase of cancer cell proliferation 

We explored the effects of conditioned media (CM) of reporter mast 
cells on the proliferation of luciferase expressing lung cancer cells (LLC/ 
luc). As shown in Fig. 3A and B, the CM of MC-9/NFT induced higher 

Fig. 2. Effects of NIS reporter gene on mast cell function. (A) Cell proliferation 
assay in parental MC-9 and MC-9/NFT cells. (B) Level of FcεRIα expression in 
parental MC-9 and MC-9/NFT cells cells. Gray: Isotype control, blue: MC-9, and 
purple: MC-9/NFT. Experiments were performed at least in triplicate, and the 
values indicate the mean ± SD. N.S = not significant. 

Fig. 3. Enhanced proliferation in LLC cells mediated by mast cell conditioned 
media. (A) In vitro BLI showing the increased proliferation of LLC cells by 
exposure of CM from mast cells. (B) Quantification of BLI signals in (A) panel. 
CM from mast cells was added to LLC/effluc cells. SFM was used as the negative 
control. Experiments were performed at least in triplicate and values indicate 
the mean ± SD. ***P < 0.001, compared with SFM. 

Fig. 4. Enhanced proliferation in LLC cells mediated by mast cell conditioned 
media. (A) In vitro BLI showing the migrated MC-9/NFT cells after exposure to 
CM derived from LLC cells. SFM or 100% CM from LLC cells was added to the 
lower chamber. Experiments were performed at least in triplicate and values 
indicate the mean ± SD. ***P < 0.001, compared with SFM. 
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proliferation of LLC/luc cells compared the serum-free media (SFM) at 
48 h post-treatment, which was evaluated via in vitro bioluminescent 
imaging. 

In vivo imaging of mast cell migration to lung tumor lesion using NIS 
reporter gene 

To investigate the CM effects of Lewis lung cancer cells on reporter 
mast cell migration, transwell migration was performed. The results of 
the transwell migration test demonstrated considerably higher lucif-
erase signals in MC-9/NFT cells treated with CM from LLC cells than in 
those treated with SFM (Fig. 4A and B). 

Finally, we investigated whether molecular imaging with the NIS 
reporter allowed for in vivo mast cell tracking in tumor bearing mice, as 
described in Fig. S1. Briefly, tumor-bearing mice received either efflux- 
expressing MC-9 cells (MC-9/effluc) [18] or MC-9/NFT cells via 
retro-orbital injection, followed by I-124 PET/CT imaging and bio-
distribution examination. As shown in Fig. S2, bioluminescent signals 
were detected in the tumor lesions of both mice that received either 
MC-9/effluc cells or MC-9/NFT cells. In the case of I-124 PET/CT im-
aging, PET quantification analysis with CT-based segmentation revealed 
intensive radioactive signals in the tumor lesions of mice injected with 
MC-9/NFT cells (Fig. 5A and B). However, few radioactive signals were 

observed in the tumor lesions of the mice injected with MC-9/efflux 
cells. Consistent with the findings of PET/CT imaging, biodistribution 
analysis revealed higher radioactivity in the tumors of mice injected 
with MC-9/NFT cells than in those of mice injected with MC-9/effluc 
cells (Fig. 5C). 

Discussion 

Understanding the complex involvement of mast cells in the initia-
tion and progression of cancer is important; therefore, a new approach 
to reveal their various biological actions in the tumor microenvironment 
of living subjects is urgently needed. Although several researchers have 
demonstrated the imaging of mast cells in preclinical models using 
various imaging techniques, it remains difficult to apply this mast cell- 
imaging approach to clinical situations [19]. Therefore, development 
of a clinically applicable mast cell imaging technique is required. In this 
study, we demonstrated the usefulness of the NIS-mediated nuclear 
medicine imaging approach via I-124 PET/CT imaging for visualizing 
mast cell recruitment to cancer lesions in living mice. 

Inducing stable expression of the reporter gene for effective tracking 
of immune cells is essential. Thus, many researchers have used retroviral 
and lentivirus systems for the strong and stable expression of reporter 
genes in various immune cells [9]. Hence, we also selected a retroviral 

Fig. 5. In vivo monitoring of mast cell migration to the tumor lesion using NIS reporter. (A) 3D-reconstructed PET/CT imaging showing the mast cell migration to LLC 
tumor lesions. Tumor-bearing mice received MC-9/NFT cells via retro-orbital injection, and their migration to the tumor lesions was monitored at 24 h post-transfer. 
(B) Bar graph showing the tumor to foot ratio. Physiological iodide uptake was observed in the thyroid (T), stomach (ST), and bladder (BL). (C) Biodistribution of 
infused MC-9/NFT cells in tumor-bearing mice. After PET/CT imaging acquisition, the radioactivity of indicated organs was determined using gamma counter. 
Experiments were performed at least in duplicate, and values indicate the means ± SD. *P < 0.05, compared with MC-9/effluc. 
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system co-expressing the NIS, luc2, and Thy1.1 gene [17] developed in 
previous reports. Luciferase—the most sensitive optical reporter gen-
e—serves as a surrogate marker for NIS reporter genes in in vivo imaging 
studies. Thy1.1 gene can be used to sort NIS-positive cells using a 
microbead-conjugated Thy1.1 specific antibody and a magnetic sepa-
ration approach. MC-9 cell of murine mast cell line was selected for this 
study because it exhibits an IL-3 dependency and high expression of 
FcεRI and is commonly used in mast cell-related fields [20]. Using our 
reporter retrovirus system, we successfully introduced the NIS reporter 
gene into MC-9 cells and enriched the NIS-positive cells by up to 
approximately 95% by cell sorting. As the overexpression of NIS in mast 
cells leads to increased radioiodine avidity, we conducted a radioiodine 
uptake assay in the parental MC-9 cells and MC-9/NFT cells. As ex-
pected, we observed a drastic increase in radioiodine uptake in 
NIS-expressing mast cells (MC-9/NFT cells) but not in parental MC-9 
cells. Consistently, NIS expression was confirmed in MC-9/NFT cells 
but not in parental MC-9 cells by western blotting analysis. Importantly, 
increased iodine uptake was completely inhibited by KCLO4 of the 
NIS-selective inhibitor, suggesting that an enhanced radioiodine uptake 
was mediated by NIS expression and its functional activity in MC-9/NFT 
cells. 

The introduction of exogenous reporter gene should not affect the 
biological activity of mast cells, which include cellular proliferation and 
phenotype marker expression. The proliferation assay using CCK-8 assay 
showed no difference in cell proliferation between parental MC-9 cells 
and MC-9/NFT cells. Mast cells exhibited high FcεRI expression on the 
cell surface, and its aggregation by external stimuli (neuropeptides and 
allergen) induces the release of inflammatory mediators [1,2]. FACS 
analysis with FcεRI-reactive antibody showed the high expression of 
FcεRI in MC-9 cells and MC-9/NFT cells. However, no difference in gene 
expression between the two cell types was observed. These results 
indicate that the exogenous expression of the NIS gene did not elicit any 
detrimental effects on the mast cells’ biological activities. 

Mast cells are recruited via various types of chemokine gradients 
generated by cancer cells, and the infiltrated mast cells in tumor lesion 
produce many extracellular matrix enzymes and growth factors, which 
is directly associated with inferior prognosis of cancer patients [2,6]. 
Consistent with these findings, we observed a greater increase in the 
migration of reporter mast cells in the conditioned media of LLC cells 
than in serum-free media. Furthermore, we observed a higher prolifer-
ation of LLC cells when treated with conditioned media from MC-9/NFT 
cells compared with serum-free media. 

Several studies have shown that the number of mast cells is higher in 
cancerous tissues than in normal tissues. Previously, we observed the 
existence of endogenous mast cells in LLC tumor lesions via toluidine 
blue staining—an immune-histological technique for the detection of 
MCs [18]. Therefore, LLC cancer xenografts have been established for 
the in vivo study. MC-9/NFT and enhanced firefly luciferase expressing 
MC-9 cells (MC-9/effluc as control group) were administered to 
tumor-bearing mice by retro-orbital injection, followed by optical and 
PET/CT imaging on day 1 post-transfer. For PET/CT imaging in com-
bination with NIS, I-124 of positron-emitting iodine isotope was used 
[21]. Prior to I-124 PET/CT imaging, bioluminescent imaging was per-
formed because of the ease and sensitivity of imaging techniques for 
detecting a few populations of migrated cells in tumor lesions. Biolu-
minescent signals were detected in tumor lesions of mice receiving 
MC-9/NFT and MC-9/effluc cells. Importantly, higher radioactivity was 
observed in the tumor lesions of MC-9/NFT cells than in MC-9/efflux 
cells on I-124 PET/CT imaging. Consistent with in vivo PET/CT find-
ings, biodistribution examination showed higher radioactivity in the 
tumor lesions of mice that received MC-9/NFT cells than in those that 
received MC-9/efflux cells. These findings suggest that NIS reporter gene 
imaging is a feasible method for monitoring of mast cell migration in 
tumor-bearing mice. 

Conclusion 

We successfully tracked mast cell migration to tumor sites in living 
mice via nuclear medicine imaging of the NIS gene. We believe that the 
mast cells expressing NIS may provide a new approach for exploring the 
biological role of mast cells in tumor microenvironment in preclinical 
models. Subsequent investigations should prioritize the in vivo imaging 
of primary mast cell migration utilizing NIS reporter genes in a range of 
cancer models, as well as models of allergy and inflammation. 
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